Abstract-We investigate the polarizations of waves in reciprocal and nonreciprocal uniaxially bianisotropic media, whose corresponding chirality parameter and Tellegen parameter appear only in one direction. By analyzing constitutive parameters for generating circularly polarized waves, we find that the optical-activity effects happen in such kind of uniaxially anisotropic chiral media under certain conditions. On the other hand, similar conditions give birth to linearly polarized waves in nonreciprocal uniaxially bianisotropic media.
INTRODUCTION
Media can be divided basically into reciprocal and nonreciprocal magnetoelectric materials [1, 2] . There is a long history of optical activity (or rotation of the polarization vector as the wave advances) in physics and chemistry, possibly since the time of Pasteur [3] . Artificial chirality at lower frequencies (RF microwave) was first induced and experimentally verified by Lindeman [4, 5] over 90 years ago, which he accomplished with a random collection of insulated coils of certain handedness. Biisotropic media, analytically proposed by Tellegen [6] over half a century ago, can be nonreciprocal, and is not as popular, possibly because it has not been found in nature. Both chiral and bi-isotropic media are isotropic, and they become polarized when placed in a magnetic field, and magnetized when placed in an electric field.
Recently, a term "metamaterial" is presently applied to artificial discrete media displaying exotic electromagnetic responses unavailable in conventional materials. For example, a uniaxially anisotropic chiral medium is put forward, which may support more kinds of negative refractions than isotropic chiral media and the left-handed materials [7] ; a realization of a bianisotropic lefthanded material based on the structure of S-ring resonators is further proposed, which has its own double negative permittivity and permeability, combined with an additional chirality produced by subtly introducing some vias inside of the ring [8] ; we fabricated and performed free space experimental measurement on a left-handed metamaterial based on bianisotropic S-ring resonator. The realization and experimental results of such bianisotropic S-ring resonator will be discussed in detail in a separate paper.
In this paper, we study the polarizations of waves in reciprocal and nonreciprocal uniaxially bianisotropic media separately, whose corresponding chirality parameter and Tellegen parameter appear only in one direction. Using a wave approach similar to that in [1] , through analyzing constitutive parameters for circularly polarized waves, we find that some certain conditions can generate the optical-activity effects in the chiral media we discuss. On the other hand, similar conditions give birth to linearly polarized waves in nonreciprocal uniaxially bianisotropic media.
RECIPROCAL UNIAXIALLY BIANISOTROPIC MEDIA
Chiral media, which characterize many types of polymers, sugar solutions, or some crystals, such as quartz, are known to rotate the polarization of an incident linearly polarized wave when propagating through a bianisotropic chiral medium described by certain constitutive tensors, yielding opticalactivity effects [1] . Such media own chirality factors in all the three orthogonal directions. However, in this paper, we study the constitutive parameters of bianisotropic medium which has chirality element in only one direction, and analyze that the optical-activity effects can also happen in such kind of uniaxially anisotropic chiral media under certain conditions.
The constitutive relations for the uniaxially anisotropic chiral media under consideration are written as follows:
thereinto, 0 and µ 0 are the permittivity and permeability of free space respectively, and c is the speed of light in free space. Note that , z , µ, µ z , and ξ 0 are all dimensionless quantities and from Eq. (2) we know the medium is reciprocal. The constitutive relations in Eq. (1) are in theĒH representation and they can be inverted and written as:
which are called in theDB representation. From Eq. (2), through the inversion of the system of Eq. (1) into Eq. (3), we directly get
. For the study of the optical-activity effect, we use the analytical method described in [1] to rewrite the electromagnetic fields and flux in the kDB system defined by three vectors (ê 1 ,ê 2 ,ê 3 ), and in whichk =ê 3 k. So in the kDB system,
where
thereinto, T is the transformation matrix defined in [1] , and θ is the angle betweenk and z axis.
Since B 3 = D 3 = 0, Maxwell's equations can be rewritten as a succession of 2×2 matrix multiplies, which is substantially simpler than the original 3×3 systems. Eliminating B k from the Maxwell equations in kDB system, we obtain 
where u = ω/k is the phase velocity for characteristic waves inside the medium. For nontrivial solutions for D k , we set the determinant of the 2×2 matrix equal to zero and obtain:
and the dispersion relation relating the wave number in free space k 0 and the wave vector inside the mediak:
The two components of the field vector D k are related by
Equation (7) and Eq. (9) tell that, as long as θ = 0 or π and the expression under the square root of Eq. (7) is larger than 0 which is
µ > 0, there are two characteristic waves propagating at two different phase velocities in the medium, both of which are elliptically polarized; Whenk lies in z axis, it becomes a degenerate isotropic case.
However, there exists a special case which is that the expression under the square root of Eq. (7) is equal to 0:
then there is only one solution for phase velocity u in Eq. (7)
and
So there is only one characteristic wave existing in the medium, and this one characteristic wave may not be a linearly polarized one by looking at Eq. (12), except that ξ 0 is a pure imaginary, which means the medium is not a lossless medium, but a totally lossy one. This situation is not in our consideration, so we exclude this possibility and find out that the only one characteristic wave is still elliptically polarized. Under the presupposition that ξ 0 is not a pure imaginary but has nonzero real part, some of the parameters among , z , µ and µ z should have negative real parts in order to satisfy Eq. (10), and this condition could be realized by the super-developed design and manufacture of matematerials. Note that Eq. (10) is independent of θ, which means this happens for every θ angle. Different from biisotropic chiral media, the uniaxially anisotropic chiral media investigated in this paper need its constitutive parameters to satisfy some condition to make the waves inside them circularly polarized ( D2 D1 = ±i ), which is
This can be decomposed into two sub-conditions:
Substituting the values for the constitutive tensor elements, we simplify the condition and yield:
From Eq. (14) we can see that µ z must not be equal to µ to guarantee ξ 0 = 0; on the other hand, based on the precondition µ z = µ, from Eq. (15) we discover that when θ = 90 • the demand for the permittivity tensor components becomes z = which means the medium degenerates from uniaxially anisotropic to isotropic for its permittivity. This is illustrated clearly in Fig. 1 , all the curves assemble at the point (90, 1). As in this case of heterodox medium with isotropic permittivity, uniaxially anisotropic permeability, and charily existing only inẑ direction whose value is coincident with the condition in Eq. (14), a linearly polarized wave entering this medium along theẑ direction is broken up into two characteristic waves that propagate at different velocities, both of which are circularly polarized but with opposite handness. This is exactly the condition for optical activity. Besides, according to Fig. 1 , not only for normal incidence (θ = 90 • ), but the optical activity also happens for all the other θ values, as soon as the ratio of z / , the ratio of µ z /µ and ξ 2 satisfy the condition (Eq. (14) and Eq. (15)) simultaneously. Therefore, taking the advantage of quickly developing matematerial designing and manufacturing nowadays, we can control the parameters values and make a medium described above to realize optical activity only when the wave incident in a certain angle as demanded.
NONRECIPROCAL UNIAXIALLY BIANISOTROPIC MEDIA
The nonreciprocal uniaxially bianisotropic medium has the following constitutive relations:
thereinto, 0 and µ 0 are the permittivity and permeability of free space respectively, and c is the speed of light in free space. Here , z , µ, µ z , and ξ 0 are all dimensionless quantities, and ξ 0 is the non-reciprocity parameter, which is also called Tellegen parameter in many places [2] . As we can see, the non-reciprocity parameter also exists only inẑ direction just like the chirality parameter in previous section for the reciprocal medium. Similarly as what we do to the reciprocal uniaxially bianisotropic medium in the previous section, we obtain the key matrix for this nonreciprocal medium in kDB system just like Eq. (6), which is  where u = ω/k is the phase velocity for characteristic waves inside the medium. The tiny difference between the two matrixes in Eq. (6) and Eq. (17) is that there is one more minus sign for the off-diagonal element in the first line of the matrix for nonreciprocal medium, and χ 22 = −χ 0 sin 2 θ which is also a little different from reciprocal medium, changing i into a minus sign. If Eq. (13) still holds in this case, these two little changes will cause two consequences:
1. The condition is not for circularly polarized waves any more, on the contrary, it is for linearly polarized wave, as there is no i in the ratio of D 2 /D 1 . There is only one kind of polarization in the nonreciprocal medium under this condition and it is linearly polarized.
2. Equation (14) remains the same, while Eq. (15) becomes
for this nonreciprocal bianisotropic medium as Fig. 2 shows. As we can see, comparing to the uniaxially anisotropic chiral media, there is no such point of intersection as in Fig. 1 .
CONCLUSIONS
In conclusion, the polarizations of waves in reciprocal and nonreciprocal uniaxially bianisotropic media are studied, whose corresponding chirality parameter and Tellegen parameter appear only in one direction. By analyzing constitutive parameters for generating circularly polarized waves, we find that the optical-activity effects happen in such kind of uniaxially anisotropic chiral media under certain conditions. On the other hand, similar conditions give birth to linearly polarized waves in nonreciprocal uniaxially bianisotropic media.
